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An unexpected new role for the chromatin assembly
factor CAF-1 and the histone-regulating Hir proteins
has been discovered in budding yeast. Both protein
complexes are required together for building functional
kinetochores.
Eukaryotic cells regulate their genome integrity by
closely monitoring the exact replication of their
chromosomes during S phase of the cell division
cycle, and by controlling for the correct segregation of
replicated sister chromatids at mitosis. During
replication of the genomic DNA, bulk chromatin is
assembled from histone proteins on the two nascent
DNA daughter strands. This reaction is mediated by
chromatin assembly factors which target histones to
their site of assembly into nucleosomes [1,2].
Successful segregation of fully replicated sister chro-
matids at mitosis depends on the attachment of the
mitotic spindle apparatus to a specialised region
present in just one copy on each replicated sister
chromatid: the centromere. The centromeric DNA is
bound by a functional protein complex known as the
kinetochore, which physically links the centromeric
DNA to the spindle apparatus [3]. The requirements
for assembly of functional kinetochores are far from
fully understood at present. A recent paper [4] has
reported that two protein complexes involved in regu-
lating chromatin assembly are also required for build-
ing functional kinetochores. Two key processes of
chromosome maintenance during cell division have
thus been brought into one common molecular focus.
What defines functional kinetochores at cen-
tromeres? The relatively simple centromeres of the
budding yeast Saccharomyces cerevisiae contain only
125 base pairs of centromeric DNA (CEN). CENs are
subdivided into three centromere DNA elements, CDE
I–III, which are present on each centromere (Figure
1A). The core of a yeast kinetochore contains a protein
complex termed CBF3 bound to CDE III (Figure 1B).
Apart from a few bases in CDE III that are conserved
between all yeast centromeres and that are implicated
in CBF3 binding, there is no further DNA sequence
identity between the CENs of S. cerevisiae, indicating
that factors other than sequence-specific binding pro-
teins may contribute to the assembly of functional
kinetochores. This argument applies even more
strongly to the much larger, and even less conserved,
centromeres of higher eukaryotes. In yeast, a distinct
chromatin structure at centromeres extends for several
thousand base pairs beyond the CEN (Figure 1C). 
The centromere-specific histone H3 variant Cse4p
(CENP-A in higher eukaryotes) is incorporated into
centromeric nucleosome particles. Specific mutations
of histones or nucleosome remodelling proteins alter
centromere structure and kinetochore function in
yeast [5–7]. Recent research on kinetochore function
has consequently focussed on centromeric chromatin
and the epigenetic information that it contains [8–10].
Outside of centromeres, evidence for specialised
chromatin structures with epigenetic function is
already available in yeast for the establishment and
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Figure 1. Organisation of centromeric chromatin in budding
yeast.
(A) Centromeric DNA (CEN). The centromeric DNA elements
CDE I, II and III are indicated. (B) Schematic representation of a
yeast kinetochore complex at CEN. The multi-subunit protein
complex CBF3 (dark blue) binds to CDE III. Other kinetochore
proteins (light blue) are associated with CEN, including histone
variant protein Cse4p, core histones and CAF-1 and Hir pro-
teins. (C) Schematic representation of centromeric chromatin
extending beyond the boundaries of CEN. Phased arrays of
nucleosomes forming centromeric chromatin at both sides of
the CEN are depicted grey, and distal nucleosomes outside the
phased array in white. In cac∆ hir∆ double mutant cells, the
phased array of nucleosomes is disrupted [4].
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maintenance of gene silencing at telomeres and silent
mating type loci. Mutations in genes encoding the
chromatin assembly factors CAF-1 or Asf1 cause mild
defects in gene silencing at telomeres and the silent
mating type loci [11–15]. Mutations of the histone-
regulating HIR genes cause no major silencing
phenotype alone, but when combined with mutations
in the genes for either CAF-1 (called CAC1-3 in yeast)
or Asf1, they cause strong synergistic defects in
telomeric and mating type silencing [12,15–17]. A
closer investigation of double-mutant yeast cells
lacking both CAF-1 and Hir proteins has now provided
evidence for a new role of both of these protein
complexes in kinetochore function, involving the
formation of centromeric chromatin [4].
Sharp et al. [4] found that double-mutant yeast cells
lacking both the largest subunit of CAF-1 (cac1∆) and
the Hir1 protein (hir1∆) had a striking slow growth phe-
notype that was due to a delay of the mutant cells to
transit through G2/M phase of the cell cycle. In prolif-
erating wild-type cells, a checkpoint mediated by the
MAD2 gene product helps to ensure that kinetochores
on replicated DNA are properly attached to the mitotic
spindle apparatus before the cell transits through
mitosis. Interestingly, the mitotic delay of cac∆ hir∆
cells was partially relieved when MAD2 was also
deleted, suggesting that functional CAF-1 and Hir
protein complexes are somehow involved in the attach-
ment of replicated chromatids to the mitotic spindle.
Independent evidence for this hypothesis was
obtained in chromosome segregation studies and
genetic interactions [4]. In contrast to either wild-type
or single cac∆ or hir∆ mutants, the cac∆ hir∆ double
mutant cells showed a significant increase in chromo-
some missegregation events, a phenotype similar to
that caused by mutations of other kinetochore
proteins. Interestingly, cac∆ hir∆ mad2∆ triple mutants
showed synergistically increased rates of missegre-
gation, suggesting that kinetochore function is per-
turbed in these cells. When mutations in genes for the
kinetochore protein CBF3 or the centromeric histone
variant CSE4 were combined with deletions of the
CAC and HIR genes, the resulting yeast cells were no
longer viable. These observations suggest that kine-
tochore function in yeast requires the function of
CAF-1 and Hir proteins.
These observations raise the question as to what
roles CAF-1 and Hir proteins may play in formation
of functional kinetochores in yeast. To address this,
Sharp et al. [4] looked at the intracellular localisation
of these proteins. Both proteins were found to form
discrete intranuclear foci, a subset of which co-
localises at centromeres with kinetochore proteins
CBF3 and Cse4p. CAF-1 also specifically associates
with centromeric CEN3 DNA in vivo. This association,
however, occurs independently of the presenceof Hir1
protein and it is reduced when the kinetochore protein
CBF3 is mutated. These resultsindicate that CAF-1
and Hir proteins are both constituents of centromeric
chromatin, and that they are recruited independently
of each other to these common sites.
What mechanisms, then, might underlie the require-
ment for both CAF-1 and Hir proteins in the formation
of functional kinetochores? It might be thought that
they are required for the assembly or maintenance 
of functional centromeric chromatin. Sharp et al. [4]
addressed this possibility by analysing the chromatin
structure at centromeres in cac∆ hir∆ double mutants.
Indeed, in cac∆ hir∆ double mutants the positions 
of phased nucleosomes that characterise chromatin 
at the centromeric locus CEN3 in wild-type cells
(Figure 1C) are significantly changed. This effect 
is site-specific, as centromere-distal sites are unaf-
fected.
Might CAF-1 and Hir proteins therefore serve
directly as assembly factors for the centromere-spe-
cific histone protein Cse4? Human cells provide a
precedent, as it has been shown that nucleosomes
can be assembled by the assembly factor Nap-1 from
the human centromere-specific histone variant
CENP-A and histones H2A, H2B and H4 [18]. In wild-
type yeast cells, Cse4p is indeed clustered at, and
restricted to, centromeres. In the absence of CAF-1
and Hir proteins, however, Cse4p is still found at cen-
tromeres, but it also exists at new extracentromeric
locations distal from the centromeres [4]. It seems
likely, therefore, that CAF-1 and Hir proteins are not
strictly required to deposit Cse4p into centromeric
chromatin, but rather to restrict Cse4p deposition to
centromeric DNA loci.
These new data invite new interesting questions that
need to be answered in future experiments. Obviously,
it will be rewarding to examine biochemically whether
CAF-1 and Hir proteins together can reconstitute cen-
tromere-specific nucleosomes containing Cse4 (or
CENP-A in the human system), and to determine the
mechanism by which they restrict Cse4p to cen-
tromeric chromatin. The data of Sharp et al. [4] further
allow a consideration of the suggestion that CAF-1 and
Hir proteins associate with centromeric chromatin and
orchestrate assembly of other centromeric proteins
into functional kinetochores, in a manner that might be
related to the formation of heterochromatin at other
sites in yeast. The association of heterochromatin
protein HP1 with CAF-1 on post-replicative hete-
rochromatin in higher eukaryotes [19,20] may serve as
an instructive precedent here. One can look forward to
interesting future molecular analyses that will unravel
this new kinetochore connection.
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